Structural changes in the metallic glass CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 , following the irradiation by Ar + ions with the energy 30 keV at temperatures of 100-300 °C and post-irradiation annealing to a temperature of 600 °C, were studied by differential scanning calorimetry, atomic probe microscopy and electron microscopy techniques. It has been shown that irradiation at lower temperatures than the crystallization temperatures (430 and 548 °C) leads to the nanostructuring of metallic glass. The nanostructure consists of clusters sized 20-40 nm grouping together to form grains sized 100-150 nm. The nanostructure results from a heavy plastic deformation caused by ion irradiation and extends to a depth of tens of microns, much deeper than the projective ion range. The crystallization heat of this glass increases by 30% as compared to the crystallization heat of the initial non-irradiated glass. The radiation-induced formation of nanostructures is accompanied by the segregation within the glass of the metastable boride ( Со 3 В) particles which disappear with an exothermic effect after post-irradiation annealing with return to the X-ray amorphous state.
Introduction
Metallic glass is a high-strength material with high elastoplastic characteristics. Controlled crystallization of amorphous alloys is broadly used to create nanostructured materials. Depending on the metallic glass heating rate and isothermal hold time and temperature, it is possible to obtain nanocomposites with different phase compositions and in a broad range of structuring scales [1, 2] . Thanks to being corrosively resistant and stable to radiation swelling, such materials may be used in cladding and fuel components of nuclear reactors [3] .
It was found in [3] [4] [5] [6] that crystallization in conditions of radiation exposure differs qualitatively from crystallization in normal annealing conditions, and the structure of the clusters and crystallites formed in an amorphous * Corresponding author. matrix is not equilibrium. Structural changes in the metallic glass CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 , following ion irradiation and post-irradiation annealing, were studied as part of an investigation by differential scanning calorimetry (DSC), atomic probe microscopy (APM) and electron microscope (EM) methods.
Structural changes in metallic glass after ion irradiation
The amorphous alloys CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 obtained by melt spinning technique had the form of a band with a width of 13 mm and a thickness of 30 μm. All initial samples were in an X-ray amorphous state. A two-step process of the metallic glass structural relaxation was observed during the heating at a rate of 5 /min in a NETZCH 204F1 scanning calorimeter. Two crystallization temperatures (430 and 548 °C) with no glass transition point can be seen in the DSC curve ( Fig. 1 , curve 1) .
The alloys were irradiated by Ar + ions with the energy of 30 keV and a current density of 50 μA/cm 2 to a dose of 1.5 ×10 18 ion/cm 2 It can be seen that irradiation leads to the nanostructuring of the metallic glass. The nanostructure consists of clusters sized 20-40 nm grouping together to form grains sized 100-150 nm ( Fig. 3 ). The grains on the surface form a relief in the form of parallel bands spaced at about 1 μm. Fig. 4 presents the EM results for the irradiated alloy. The electron diffraction image displays reflexes from the particles of the formed boride ( Со 3 В) and solid solution seen against the background of a halo. The Со 3 В phase particles in the dark-field image have a specific "banded" structure. Besides, one can see small particles of an unknown nature equally spaced across the amorphous matrix. Simultaneously, diffraction peaks of crystalline phases -borides (CoB, Co 2 B, Co 3 B) and solid cobalt solution -can be seen in the XRD patterns against the background of an amorphous phase halo. Such changes in the X-ray images were reported earlier in [4] as an evidence of the radiation-induced low-temperature crystalline phase segregation.
The peculiarities of structural changes in metallic glass following the exposure to radiation may be explained by the material plastic deformation caused by high-flux ion irradiation. It was shown in [7] that intensive ion irradiation induces plastic deformation and flow instability leading to the formation of nanostructures. Nanostructuring is the result of non-uniform deformation developing in the near-surface metal areas in nanometric scales. The nanostructure is stabilized by the structural defects formed in the deformation process (shear planes, twinned boundaries, arrangement defects). Glass with such defects may have Volterra dislocations, substructures and segregation of crystalline phases. Deformation and nanostructuring extend to the depth H which is much greater than the projective ion range h . This is the manifestation of the "long-range action effect" found in many metal systems [7] . The elastic energy during the ion implantation and during the change of the crystal's volume V in the implanted layer is made up for by the plastic deformation energy across the region of the long-range action V :
where K is the volume compression modulus; and D is the hardening modulus. Estimation gives H ∼ hK / D < 10 3 h , which, with the values h being about ten nanometers, constitutes tens of microns. For the amorphous alloy CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 , this was confirmed by X-ray measurements. X-ray images were made in the irradiated spot, as well as near the spot on the irradiated and non-irradiated sides. It was found that the same lines of the solid solution Co and of the metastable boride Со 3 В as in the spot on the irradiated side, but of a smaller intensity, were observed on the other side of the irradiated spot with the sample thickness being 30 μm. And the X-ray images made near the spot on the irradiated and non-irradiated sides showed an amorphous halo as in the case of the initial non-irradiated sample. The deformation nature of the nanostructure formed during ion irradiation is also evidenced by the sharp edge of its boundary region (see Fig. 2 ). Plastic flow develops only with stresses in excess of the material's yield point.
Structural relaxation of irradiated glass
The annealing of the CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 alloy irradiated at 200 °C gives it an additional low-temperature exothermic peculiarity similar to the onset of crystallization at 330 °C (see Fig. 1 , curve 2) . The EM results for this alloy, following post-irradiation annealing at 300 °C, are presented in Fig. 4 b. The XRD pattern displays a diffuse line of an amorphous halo with no reflexes from the crystalline phase, while small particles have disappeared altogether in the dark-field image, and the particles of the metastable boride Со 3 В have diminished.
This means that the annealing of the irradiated and partially crystallized alloy at a lower temperature than at the initial amorphous alloy crystallization onset temperature leads to the amorphous state being returned to. As a phenomenon, the return to the amorphous state in the process of post-irradiation annealing was studied previously in [4] . It was shown that, following the annealing at 250 °C and 300 °C, the XRD images did not show crystalline phase peaks, and an amorphous halo was present again.
Importantly, the crystallization heat at 548 °C, as found for the area under the DSC peak (see Fig. 1 ) of the irradiated metallic glass, increases by 30% as compared to the crystallization heat for the initial non-irradiated metallic glass. This means that the nanostructure formed as the result of the plastic deformation induced by ion irradiation is more metastable with respect to the crystalline state than the initial amorphous structure.
An increase in the ion irradiation temperature complicates significantly the sequence of the metallic glass structural relaxation in conditions of post-irradiation annealing. Alloys irradiated at 240 °C have two peculiarities similar to glass transition points developing at 310 and 358 °C (see Fig. 1 ,  curve 3 ). This is an evidence of the alloy's post-irradiation heterogeneity. And the crystallization heat is also greater than the crystallization heat for the initial non-irradiated glass.
Conclusion
It has been shown by differential scanning calorimetry, atomic probe microscopy and electron microscopy techniques that irradiation by Ar + ions with the energy 30 keV to a dose of 1.5 ×10 18 ion/sm 2 at 200 °C leads to the nanostructuring of the metallic glass CoFe 3.2 Si 2.5 Mn 3.1 B 15.7 . The nanostructure is formed at a lower temperature than crystallization temperatures (430 and 548 °C) and consists of clusters sized 20-40 nm grouping together to form grains sized 100-150 nm. The grains on the surface form a relief in the form of parallel bands spaced at about 1 μm.
The radiation-induced nanostructure is a structure of an intense plastic deformation which extends to a depth of several tens of microns, much deeper than the projective ion range. The nanostructure formation is accompanied by the segregation within the glass of the particles of metastable borides ( Со 3 В) which disappear with an exothermic effect following post-irradiation annealing at 300 °C with return to the X-ray amorphous state. The crystallization heat of the irradiated metallic glass increases by 30% as compared to the crystallization heat of the initial non-irradiated glass.
A change in the ion irradiation temperature may complicate considerably the sequence of the metallic glass structural relaxation in conditions of post-irradiation annealing. Alloys irradiated at 240 °C acquire two glass transition points at 310 and 358 °C.
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